The analysis of SOlar and Heliospheric Observatory (SOHO) Solar Wind ANisotropies (SWAN) data for backscattered solar Lyman α radiation performed by Lallement et al. showed for the first time that the average direction of interstellar hydrogen flow in the heliosphere is deflected by several degrees relative to the original direction of the interstellar wind outside the heliosphere. This deflection is caused by the indirect influence of the interstellar magnetic field (IsMF) through charge exchange between hydrogen atoms and interstellar protons deflected by the IsMF in the region of interaction between the solar wind and the local interstellar medium (LISM). Thus, measurements of the backscattered Lyman α radiation at the Earth's orbit can be used as a remote IsMF diagnostic. However, the direction of interstellar hydrogen flow in the vicinity of the Sun may be influenced by other effects such as the solar radiation pressure, gravitation and ionization and kinetic non-Maxwellian properties of the hydrogen distribution and also may depend on other LISM parameters besides IsMF. In this work, we perform a theoretical modelling of the backscattered solar Lyman α radiation seen at 1 au from the Sun and analyse the direction of hydrogen flow in the heliosphere, which can be obtained from the spectral properties of the backscattered radiation. The influence of different effects mentioned above is investigated. Also we compare our results obtained by means of a state-of-art 3D time-dependent kinetic model of the hydrogen distribution with the SWAN data of 1996.
I N T RO D U C T I O N
The Sun is moving through the local interstellar medium (LISM) with a relative velocity of 26 km s −1 . The LISM is a partially ionized plasma consisting of protons, electrons and neutral atoms of hydrogen, helium, oxygen, nitrogen and other minor species. In the literature, the interstellar plasma flow moving relative to the Sun is called the interstellar wind. The supersonic solar wind flow of fully ionized hydrogen plasma emanating from the Sun interacts with the interstellar wind. A complicated gas-dynamic structure called the heliospheric interface is formed due to this interaction. In the classical picture of the heliosphere (see e.g. Baranov & Malama 1993) , it is assumed that both the solar and interstellar winds are supersonic and in this case the heliospheric interface consists of a contact discontinuity -the heliopause (HP), which separates the solar wind plasma and the charged component of the interstellar plasma -and two shocks -the termination shock (TS) in the solar wind and the bow shock (BS) in the interstellar medium, where E-mail: okatushkina@gmail.com plasma flows decelerate to subsonic velocities. However, in the presence of a strong interstellar magnetic field (IsMF), the flow of the interstellar wind may be subsonic (Alfvénic Mach number <1) and a strong BS is absent in this case (Izmodenov et al. 2009; McComas et al. 2012) . Note that a slow BS might be present, as shown by Zieger et al. (2013) .
Hydrogen (H) atoms are the main neutral component of the LISM. H atoms interact with protons by charge exchange and the mean free path of H atoms is comparable with the characteristic size of the heliospheric interface (Izmodenov et al. 2000; Izmodenov, Gruntman & Malama 2001) . Therefore, H atoms should be considered not as continuum matter but as separate particles and they should be described by a kinetic approach. Inside the heliosphere, hydrogen atoms scatter solar Lyman α radiation. Early measurements of backscattered solar Lyman α radiation in the 1970s (Bertaux & Blamont 1971; Thomas & Krassa 1971) on board the spacecraft OGO-5 were proof of the existence of interstellar hydrogen in the heliosphere and therefore it was the first experimental confirmation of the interstellar wind. In general, numerous observations of backscattered solar Lyman α emission are an effective tool, providing an indirect diagnostic of the interstellar hydrogen In case with quite strong IsMF there is no bow shock; the HP becomes asymmetric due to magnetic pressure and the stagnation point of LISM plasma flow is shifted above the wind axis (Z). As a result, new secondary interstellar atoms created near the HP at the nose part of the heliosphere have an additional V x velocity component and therefore the total hydrogen flow inside the heliosphere becomes deflected compared with the upwind direction. distribution in the heliosphere. For example, the parameters of interstellar hydrogen far from the Sun (at 80-100 au) were obtained for the first time from the theoretical analysis of experimental data on Lyman α radiation Costa, Lallement & Quémerais 1999) . Nowadays, direct measurements of interstellar hydrogen flux have become possible on board the Interstellar Boundary Explorer (IBEX) spacecraft (see e.g. McComas et al. 2009 ). Some IBEX-Lo hydrogen data (IBEX-Lo is an instrument that in interstellar mode measures low energetic interstellar atoms with energies from 10 eV to 2.6 keV) and the results of their theoretical analysis are presented in Saul et al. (2012) and Schwadron et al. (2013) . However, measurements of backscattered Lyman α radiation still remain a useful source of information on the interstellar H atom distribution, since these data are available covering more than 30 years and allow us to study the temporal variation of hydrogen parameters in the heliosphere. Lallement et al. (2005 Lallement et al. ( , 2010 presented an analysis of SOlar and Heliospheric Observatory (SOHO)/Solar Wind ANisotropies (SWAN) spectral data of backscattered solar Lyman α radiation obtained by the hydrogen absorption cell (see e.g. Bertaux et al. 1997) . For the first time, it was demonstrated that the interstellar hydrogen flow inside the heliosphere deviates by about 4
• from the pristine (undisturbed by the heliosphere) direction of LISM flow. This deflection was explained by the influence of the IsMF, which leads to an asymmetry of the heliopshere and a shift of the stagnation point of the interstellar plasma flow from the upwind direction (Fig. 1) . As a result, the secondary interstellar H atoms created by the charge exchange, mainly in the stagnation region outside the heliopause, have an additional V x velocity component (see Fig. 1 ) and hence the flow of secondary H atoms inside the heliosphere becomes deflected relative to the upwind direction (Z axis). Thus, the hydrogen deflection measured in the heliosphere can be used as a remote diagnostic of the IsMF.
Several authors (Izmodenov, Alexashov & Myasnikov 2005; Heerikhuisen & Pogorelov 2011) used the hydrogen deflection obtained by Lallement et al. (2005 Lallement et al. ( , 2010 for estimation of the IsMF in the frame of global numerical models of the heliospheric interface. They calculated the angle of hydrogen deflection based on the results of numerical models and found that the IsMF should be about 2-3 µG in order to obtain agreement with the SWAN data. However, for the correct interpretation of the measured hydrogen deflection (and estimation of the IsMF) it is necessary to understand in detail how other parameters of the model besides the IsMF (e.g. hydrogen and proton number density in the LISM, parameters of the solar radiation pressure and ionization) may affect the direction of H flow in the heliosphere.
Note that Lallement et al. (2005 Lallement et al. ( , 2010 used two different methods to determine the average direction of hydrogen flow in the heliosphere. Both methods are based on SOHO/SWAN data of backscattered solar Lyman α radiation. The first method, proposed previously in Quémerais et al. (1999) , is model-independent and deals only with experimental data (this method is described in Section 3), while the second method relies on the results of a numerical model of hydrogen distribution in the heliosphere (details of the second method can be found in Appendix D). Lallement et al. (2005 Lallement et al. ( , 2010 applied the first method to the SWAN data obtained in 1996 and the second method for the data obtained in 1996 and 2001. They found that the directions of hydrogen flow derived using the two methods in 1996 are close to each other.
It is important to emphasize that the results of the two methods mentioned are physically different. The first method provides the average hydrogen direction in the heliosphere at several au from the Sun (where most solar radiation is scattered) and at these distances the hydrogen distribution is considerably disturbed by local effects related to the Sun (solar gravitation and radiation pressure, ionization by charge exchange and photoionization). The second method gives the direction of hydrogen flow far away from the Sun (at 90 au), where local effects are negligible and the hydrogen distribution is determined mainly by global effects of the heliospheric interface (e.g. influence of the IsMF). Generally speaking, the results of the two methods should not necessarily be the same, because local effects may also lead to some additional deflection of H atoms near the Sun.
In this article, we model the spectral properties of backscattered solar Lyman α radiation in the heliosphere (at 1 au from the Sun) and apply the first method mentioned above to derive the direction of hydrogen flow in the heliosphere for various sets of model parameters. We have chosen the first method, because this method is model-independent and it is convenient to compare the results of the numerical modelling with the results of Lallement et al. (2010) obtained by this method directly from SWAN data. The question is how other physical parameters and processes besides the IsMF might influence the direction of hydrogen flow in the heliosphere.
We calculate the distribution of interstellar hydrogen in the frame of our 'state-of-art' 3D time-dependent kinetic model ) and obtain the corresponding line shifts (i.e. the first moment of the spectrum, which is sometimes called the apparent velocity) of the backscattered solar Lyman α radiation. Line shift characterizes the projection of the H atom bulk velocity vector on the line of sight considered (its mathematical expression is presented at the beginning of Section 3). Then the average direction of hydrogen flow is determined from synthetic theoretical maps of Lyman α line shifts (as described in Section 3). The direction is determined for various moments of time during the solar cycle, various positions of an observer at the Earth's orbit and various models of hydrogen distribution. We explore how the following effects may affect the direction of hydrogen flow in the heliosphere:
(i) temporal variations of solar radiation pressure and ionization rate during the solar cycle (Section 4.1);
(ii) non-Maxwellian kinetic features in the hydrogen distribution at 90 au (Section 4.2); (iii) the position of the spacecraft at the Earth's orbit (Section 4.3); (iv) the number density of protons and helium ions in the LISM (Section 4.4).
We also compare our model results for 1996 with the results of Lallement et al. (2010) obtained from the SWAN data by method 1.
Appendixes B and C present more detailed investigations of the influence of local model parameters and the position of the observer. Appendix D presents a brief analysis of the second method for determination of H flow proposed by Lallement et al. (2005) .
M O D E L O F H Y D RO G E N D I S T R I B U T I O N A N D BAC K S C AT T E R E D S O L A R LY M A N α P RO F I L E S
We use a 3D non-stationary kinetic model of the interstellar hydrogen distribution inside the heliosphere (for heliocentric distances less than 90 au), described in detail in Izmodenov et al. (2013) . This model combines the relative numerical simplicity of the classical hot model (see e.g. Lallement, Bertaux & Dalaudier 1985; Izmodenov 2006) , which describes the hydrogen distribution in the stationary axisymmetrical case with Maxwellian boundary conditions at infinity, with the possibility of taking into account local 3D and time-dependent effects (due to heliolatitudinal and temporal variations of the solar wind and solar irradiance) as well as disturbances of the interstellar atom distribution at the heliospheric interface.
Evolution of the velocity distribution function of interstellar H atoms in the heliosphere is described by the kinetic Boltzmann equation. The outer boundary of the model is a Sun-centred sphere with radius 90 au. In the heliosphere, H atoms are affected by the solar gravitational attractive force (F g ) and the solar radiation repulsive force (F rad ). These forces counteract each other and are proportional to 1/r 2 , where r is the heliocentric distance. The dimensionless balanced parameter μ = |F rad |/|F g | characterizes the ratio between the solar gravitational and radiation forces. In the 3D time-dependent case, parameter μ depends on time (t), heliolatitude (λ) and the individual radial velocity of H atoms (w r ). The temporal variations of μ during several solar cycles are taken from the Laboratory for Atmospheric and Space Physics (LASP) Interactive Solar IRradiance Data Center (LISIRD) of various measurements of solar irradiance. The dependence of μ on λ and w r is given in analytical form (Pryor et al. 1992; Bzowski 2008) . The detailed description of function μ(t, λ, w r ) can be found in Izmodenov et al. (2013) . Two ionization processes leading to the loss of H atoms in the heliosphere are considered: charge exchange with solar wind protons (H + H + = H + + H) and photoionization. Electron impact ionization is not taken into account, because at 1 au its rate is less than 10 per cent of the total ionization rate . It is assumed in the model that the charge exchange (β ex ) and photoionization (β ph ) rates decrease with distance from the Sun as ∼1/r 2 , since these values are proportional to the flux of the solar wind protons and solar photons, respectively. Parameters of the solar wind and solar radiation vary during the cycle of solar activity and depend on heliolatitude. Information regarding temporal variations of the solar wind and solar radiation parameters in the ecliptic plane is taken from the OMNI2 data collection (see King and Papitashvili 2005) and SOLAR2000 data base (see Tobiska et al. 2000) of numerous measurements from different spacecraft. Adopted heliolatitudinal variations of ionization rates are based on the analysis of backscattered solar Lyman α intensities measured by SOHO/SWAN (Quémerais et al. 2006; Lallement et al. 2010; Katushkina et al. 2013) .
The model takes into account two populations of interstellar H atoms: primary and secondary. The primary population penetrates to the heliosphere from the pristine interstellar medium, while the secondary population is created by the charge exchange of primary atoms and interstellar protons near the heliopause from the interstellar side. New heliospheric hydrogen atoms created in charge exchange inside the heliosphere are not considered, because they do not influence the backscattered solar Lyman α radiation at 1 au due to small number densities or/and large velocities in the anti-solar direction.
The model includes perturbations of the hydrogen velocity distribution function due to charge exchange in the heliospheric interface. This is achieved by using specific non-Maxwellian boundary conditions for the velocity distribution function at 90 au from the Sun. The non-Maxwellian features of the hydrogen distribution at 90 au and their impact on the spectral properties of the backscattered solar Lyman α radiation at 1 au were studied in Katushkina & Izmodenov (2010 . For the present work, the boundary conditions in the form of a 3D normal distribution were adopted at 90 au separately for primary and secondary interstellar atoms. This form of the boundary conditions allows us to include all zero, first and second moments of the velocity distribution function. For some specific test calculations, simple Maxwellian boundary conditions with constant parameters at 90 au are used (this is mentioned in the text where appropriate).
For most of the results presented in this article, the parameters of the hydrogen distribution at 90 au are taken from the results of a new self-consistent kinetic-magnetohydrodynamic (MHD) model of the heliospheric interface developed recently by our Moscow group. This model is a sophisticated fully 3D stationary version of the original model of Baranov & Malama (1993) with a kinetic description of H atoms. It takes into account heliospheric and interstellar magnetic fields and heliolatitudinal variations of the solar wind parameters at 1 au. The model's parameters are presented in Appendix A. Previously, this model was applied to the analysis of Lyman α absorption spectra measured on board the Hubble Space Telescope (Wood et al. 2014) . For several cases considered in Section 4.4, calculations of the hydrogen distribution at 90 au are performed in the frame of a model with different number densities of protons, He + ions and hydrogen atoms in the LISM. The hydrogen distributions obtained in the heliosphere have been used to calculate spectral properties (and, in particular, the first spectrum moment or line shift) of backscattered solar Lyman α radiation measured at the Earth's orbit. To do this, we solve the radiative transfer equation for backscattered solar Lyman α spectra in the frame of the simplified self-absorption approach (see Quémerais & Izmodenov 2002) . In this approximation, only single scattered photons are taken into account and extinction along the line of sight between the scattering point and the observer is included. Then, the maps of the Lyman α line shifts obtained are used to derive the average hydrogen direction in the heliosphere.
D E T E R M I NAT I O N O F AV E R AG E D I R E C T I O N O F T H E I N T E R S T E L L A R H Y D RO G E N F L OW I N S I D E T H E H E L I O S P H E R E
In this section, we describe a method for deriving the average direction of hydrogen flow inside the heliosphere from Lyman α data collected at 1 au. Note that the maximum emissivity region of the backscattered Lyman α radiation is located at 1.5-3 au from the Sun. For the first time, this method was presented in Quémerais et al. (1999) and it is based on the analysis of maps of Lyman α line shifts. The line shift (V los ) is the first moment of the backscattered Lyman α spectrum, which can be calculated for any line of sight by the following:
where u(λ) = c(λ/λ 0 − 1). Here, r is the position of an observer, t is the time of observation, is the direction of the line of sight, λ is wavelength, λ 0 = 1215.6 Å is the wavelength of the Lyman α line centre, I is the spectrum of backscattered radiation, u is a projection of atom velocity on the line of sight and c is the speed of light. A typical map of Lyman α line shift (expressed in km s −1 ) is presented in Fig. 2(a) . Negative values of V los correspond to the upwind hemisphere (where the radial projection of the hydrogen bulk velocity vector is negative), while positive values of V los correspond to the downwind hemisphere.
In the simplified case when the hydrogen flow at 90 au is uniform and the radiation pressure and ionization rate in the heliosphere are constant and uniform (i.e. μ = const, β ex and β ph depend only on heliocentric distance r), the hydrogen distribution in the heliosphere is axisymmetrical and it is obvious that the symmetry axis coincides with the hydrogen flow direction far away from the Sun. As a consequence, the radial velocity distribution of hydrogen and corresponding Lyman α line shifts as seen from the Sun (or e.g. from 1 au if an observer is located near the symmetry axis) are also axisymmetric. This means that, in order to define the direction of H flow from the map of Lyman α line shift, one needs to fix any value of the line shift (V los = V 0 ), find all lines of sight corresponding to this value of V los (these lines of sight form a right cone) and find the axis of the cone. In the ideal axisymmetric case, the direction found by the described procedure is the same for any chosen value of V 0 and this is the inflow direction of hydrogen at the outer boundary. The only restriction of this method in the ideal case is that the map of Lyman α line shifts should be obtained for an observer located at 1 au near the symmetry axis of the H distribution.
In reality, the hydrogen distribution in the heliosphere is not axisymmetric for many reasons (e.g. disturbed, non-uniform H flow at 90 au, heliolatitudinal variations of solar radiation pressure and ionization rate). However, the procedure described above can still be used for determination of the average direction of hydrogen flow, with some uncertainties. If the uncertainties are not very large, then the direction obtained indeed represents the average hydrogen flow direction inside the heliosphere (not at 90 au but at 2-3 au from the Sun, where most solar Lyman α photons are scattered).
We are interested in the direction of hydrogen flow only in the upwind hemisphere, because this direction depends mostly on global effects like the IsMF, while the direction in the downwind hemisphere is strongly affected by local solar gravitation, radiation and ionization. Moreover, our numerical tests showed that it is better not to use the full upwind hemisphere, but only its upwind part, where |V los | takes its maximum. We have chosen the region on the sky around the upwind direction with ecliptic longitude λ ∈ [230
• , 280
• ] and ecliptic latitude β ∈ [−20
• , 37
• ] (see Fig. 2b ). Inside this region, Lyman α line shifts were calculated for all directions with a step of 1
• for both ecliptic longitude and latitude (i.e. in total we have 2958 directions; the choice of 1
• step is caused by the spatial resolution of the SWAN data). Then we consider several values of V los , each of them corresponding to many lines of sight in the chosen region of the sky (e.g. for the map presented in Fig. 2b , all values of V los ∈ [ − 24.9, −22] km s −1 with step 0.1 km s −1 were used). We do not use values of V los corresponding to the edges of the area considered (e.g. more than −22 km s −1 for map presented in Fig. 2b ). For each chosen V los = V 0 , let us consider the set of corresponding lines of sight (for an illustration see Fig. 3a ). Then let us divide this set into all possible triplets (e.g. points P 1 , P 2 and P 3 in Fig. 3 ). For each triplet of lines of sight, it is possible to construct a cone and find its axis (ecliptic longitude and latitude; see Fig. 3b ). The directions found for all triplets are then averaged over all triplets for each chosen V 0 and then over all values of V 0 . Thus, for each map of Lyman α line shifts considered, we can find one direction corresponding to an average direction of hydrogen flow in the heliosphere. Having one total direction and numerous directions for each V 0 and each triplet of lines of sight, we can find the averaged uncertainty (as an averaged difference between the total direction and each separate direction.
The procedure described above can be applied to theoretical maps of Lyman α line shifts and also any maps obtained from experimental data. Note that, for experimental data obtained by a hydrogen absorption cell similar to the SWAN instrument, there is a problem related to taking into account the spacecraft's motion around the Sun. One full-sky map of Lyman α line shifts can be obtained from the SWAN data collected during one year and the spacecraft makes a full circle around the Sun during a year. As will be shown in Section 4.3 below, the results of the method described above depend on the ecliptic longitude of the observer. In order to take the observer's motion into account, Lallement et al. (2005) applied a specific correction for the results of analysis of SWAN data by the method described above and this made it possible for them to find more accurate results than were previously obtained in Quémerais et al. (1999) . This correction also allows us to make numerical simulations for an observer located at 1 au near the upwind direction and compare our results with those of Lallement et al. (2005 Lallement et al. ( , 2010 .
R E S U LT S
In this section, the results of the numerical modelling are presented. We calculate the interstellar hydrogen distribution during 1.5 solar cycles (from 1996-2012) in the frame of our kinetic model with different boundary conditions, which are specified in the text where appropriate. Then synthetic maps of the backscattered Lyman α line shifts are obtained. After that, the procedure described above is applied to derive the average direction of hydrogen flow from maps of Lyman α line shifts.
Most plots presented in this section show so-called 'opposite' ecliptic longitude (λ −H ) and latitude (β −H ), which correspond to the direction opposite to the direction of H flow in the heliosphere. The angle of hydrogen deflection (α defl ) is also shown. This is the angle between the 'opposite' hydrogen direction inside the heliosphere and the 'opposite' direction of interstellar helium flow obtained previously from measurements of interstellar helium fluxes by Ulysses (in ecliptic J2000 coordinates: λ −He = 255.
• 4, β −He = 5.
• 2, see Witte 2004; Lallement et al. 2010) . Helium atoms are almost unaffected by charge exchange (due to a small cross-section and large ionization potential), hence the direction of helium flow in the heliosphere coincides with the direction of the interstellar wind outside the heliosphere. Thus, the angle of deflection for hydrogen defined above is the angle between the average direction of hydrogen flow inside the heliosphere and its original direction in the LISM.
Note that most results presented here (except in Section 4.3) are obtained for an observer located at 1 au in the ecliptic plane and the observer's ecliptic longitude is 251.
• 8. This longitude corresponds to the position of SOHO on June 1 of each year. Section 4.3 is dedicated to the study of the influence of the observer's position on the derived average direction of H flow.
Variations of direction of interstellar hydrogen flow in the heliosphere during the solar cycle
In this section, we study the influence of solar activity on the average hydrogen direction obtained from Lyman α line shifts. of each year (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . Our procedure for deriving the average direction of the H flow allows us to obtain uncertainties as well (which are shown in Fig. 4 for one curve). Note that the maximal uncertainties for all calculations presented in Fig. 4 are no more than λ −H = 0.3
• for longitude and β −H = 0.2 • for latitude. The very small uncertainties confirm that the procedure for deriving the direction of hydrogen flow from the Lyman α line shifts is appropriate and can be used safely for the analysis.
The triangle (blue in the online version) in the left part of Fig. 4 presents the results based on the SWAN Lyman α 1996 data obtained in Lallement et al. (2005) by method 1 described above. Note that a map of Lyman α line shifts can be reconstructed from the spectral SWAN data obtained during one year. It means that only the hydrogen flow direction averaged over a year can be derived from the SWAN data. To compare the model results with the SWAN data, we performed similar averaging over one year of our model results for 1996 (several calculations are made during the year and then the results are averaged). Thus we obtain the averaged model result for 1996 shown in Fig. 4 by the filled circle (green in the online version). Fig. 4 shows that, due to solar activity (temporal variations of radiation pressure and ionization rate), the ecliptic latitude of hydrogen flow in the heliosphere changes by about 1.
• 2 during one solar cycle. The ecliptic longitude of the H flow remains approximately the same (variations are about 0.
• 2, i.e. less than the uncertainties in the method). The corresponding angle of deflection changes by about 0.
• 8. It is also seen that the averaged results of our numerical simulations in 1996 agree with the experimental data for the ecliptic latitude of the hydrogen direction, while the 'opposite' ecliptic longitude in our results is less by 0.
• 5. This difference in ecliptic longitude will be discussed later, when we study the influence of the observer's position and the LISM parameters.
For an additional illustration of the impact of local effects on hydrogen direction near the Sun, we have performed a test calculation in the frame of a 3D stationary model (with the following values of parameters: μ = 1.01, β E = 7.4 × 10 −7 s −1 , corresponding to 1997 June 1) without the IsMF. As a result, we obtain the following 'opposite' average direction of H flow in the heliosphere: λ −H = 255.
• 3, β −H = 6.
• 4 and angle of deflection 1.
• 2. This means that even without the IsMF there is a small (but noticeable) deflection of hydrogen flow in the heliosphere, due only to the influence of solar radiation, gravitation and ionization. A detailed explanation of how local effects influence the hydrogen direction is presented in Appendix B.
Therefore, our calculations of the average hydrogen direction based on Lyman α line shifts during the entire solar cycle show that temporal variations of solar activity mainly influence the ecliptic latitude of the H flow direction, which varies by about 1.
• 2 during the solar cycle. Hence, to obtain the direction of hydrogen flow from Lyman α data with a precision better than ±0.
• 6, temporal variations of solar activity should be taken into account.
Influence of non-Maxwellian properties of 90 au hydrogen distribution on hydrogen deflection in the heliosphere
In this section, the influence of non-Maxwellian kinetic features in the interstellar hydrogen distribution at 90 au on the direction of hydrogen near the Sun is studied. The question we pose is whether we should use state-of-art kinetic models of hydrogen with nonMaxwellian boundary conditions for the analysis of the hydrogen direction obtained from Lyman α line shifts or whether we can use models with simple Maxwellian boundary conditions. Let us consider the dashed (violet in the online version) curves in Fig. 4 . These results were obtained by means of a 3D time-dependent kinetic model of hydrogen distribution in the heliosphere with simplified Maxwellian boundary conditions. In this case, the velocity distribution function of hydrogen at 90 au is represented by one uniform Maxwellian distribution with constant parameters (number density, velocity vector and average temperature) for the mixture of primary and secondary interstellar H atoms. The parameters of the Maxwellian distribution are taken from the results of a global 3D kinetic-MHD model of the heliospheric interface (described in Appendix A) at 90 au in the upwind direction (for z = 90 au, x = y = 0). It is seen from Fig. 4 that the ecliptic latitude and angle of deflection of H flow in the heliosphere are sensitive to the boundary conditions at 90 au, while the ecliptic longitude is approximately the same for models with both non-Maxwellian and Maxwellian boundary conditions (compare the solid and dashed curves in Fig. 4) . This means that if we are interested only in the ecliptic longitude of the H flow, it is possible to use for the analysis a simplified model with Maxwellian boundary conditions, while to analyse the ecliptic latitude of the H flow direction it is necessary to use the full model with non-Maxwellian boundary conditions. It is also seen that temporal variations of ecliptic latitude are the same for both models and the latitudinal shift between the two models is about the same (≈0.
• 7) for all years. This means that temporal variations are related to local effects inside the computational region and do not depend on the boundary conditions at 90 au, while the shift in ecliptic latitude between models is caused only by the difference in the boundary conditions and does not depend on local variations of the solar parameters inside the computational region.
Dependence of average hydrogen direction on position of the observer
In this section, we study the influence of the observer's position on the direction of H flow from Lyman α line shifts. This study is necessary to apply corrections to the hydrogen direction found from any experimental data due to the motion of the observer (spacecraft). The SOHO spacecraft is located at the Earth's orbit. In our calculations, only the ecliptic longitude of the observer is varied (ecliptic latitude is assumed equal to zero and the heliocentric distance is 1 au).
First of all, we perform calculations for three positions of the observer separated by ±5
• in ecliptic longitude from the upwind direction. The average directions of H flow from the corresponding maps of Lyman α line shifts are almost the same (see Table 1 ). This means that the experimental data obtained for an observer located near the upwind direction (not further than ±5
• in longitude) can safely be used to determine the average H flow direction without additional corrections.
We then calculate the direction of hydrogen flow in the heliosphere for different positions of the observer in the ecliptic plane (with step 45
• for angle θ; see Fig. 5a ). Angle θ is calculated in the ecliptic plane from the standard position of the observer (λ = 251.
• 8). We note that the four perpendicular directions in the ecliptic plane shown in Fig. 5 are denoted 'upwind', 'crosswind-1', 'crosswind-2' and 'downwind'. Quotes are used here, because these directions are aligned in the ecliptic plane, while the real, e.g. upwind, direction (i.e. direction of hydrogen flow far away from the Sun) is slightly tilted relative to the ecliptic plane.
The results are presented in Fig. 6 . It is seen that the ecliptic longitude of the direction of H flow changes by about 2
• and the ecliptic latitude changes by about 1
• . Generally, the 'opposite' ecliptic longitude is larger in the 'crosswind-1' direction and smaller in the 'crosswind-2' direction, compared with the 'upwind' direction. These variations are caused by the fact that hydrogen atoms reach different parts of the heliosphere from the different directions (see Fig. 5b ). Namely, the 'crosswind-1' direction at 1 au is mostly reached by hydrogen atoms propagating from the upper part of the heliosphere (with the velocities marked as V H, 1 in Fig. 5b ), because atoms propagating from the bottom part of the heliosphere are more ionized near the Sun. The opposite situation occurs for the 'crosswind-2' direction. A detailed explanation of this effect is presented in Appendix C. Thus, the ecliptic longitude of vector V -H, 1 is larger than the longitude of V -H, 0 which, in turn, is larger than the longitude of V -H, 2 (see Fig. 5b ). These variations in the ecliptic latitude of H flow are caused by three-dimensional effects in the boundary conditions for the hydrogen distribution at 90 au (in 3D models, hydrogen parameters at 90 au are not symmetric and depend on both spherical angles). An additional study of the influence of the observer's position on the average H flow for models with different μ and β E is presented in Appendix C.
Therefore it is shown that large (more than 10 • ) variations of the observer's longitude should be taken into account during the analysis of experimental data, because the position of the observer influences the direction of the H flow obtained from maps of Lyman α line shifts. In the case of SOHO, when one map of Lyman α line shifts can be obtained only after one year of observations (an observer makes a full circle around the Sun), it is necessary to perform a specific correction of the results in order to take into account the motion of the spacecraft. Let us recall that Lallement et al. (2005) made such a correction for the direction of H flow obtained from the SOHO/SWAN data; however, the details of the correction are not presented in their article. One possible reason for the differences of 0.
• 5 in ecliptic longitude of the H flow in 1996 between our full model and the results of Lallement et al. (2010) obtained from the SWAN data by method 1 (see Fig. 4 ) might be related to some uncertainties in the correctional procedure for the experimental results. As we show in this section, the ecliptic longitude of the H flow depends strongly on the observer's position. Therefore, if the correction due to the spacecraft's motion is not known precisely, it can lead to differences between the theoretical results (obtained for the same position of the observer close to the upwind direction) and the experimental results (obtained during one year of motion of the observer around the Sun).
Dependence of hydrogen deflection on number densities of protons and helium ions in the LISM
In this section, we present the model results obtained with different LISM parameters. Here, in our kinetic model of the hydrogen distribution inside 90 au, we use boundary conditions based on the results of global self-consistent kinetic-MHD models of the heliospheric interface with different LISM parameters. All global models used include the same solar wind parameters at 1 au, the same heliospheric and interstellar magnetic fields. Model 1 is a default model described in Appendix A; other models differ from Model 1 only in the number densities of protons, helium ions and H atoms in the LISM (the corresponding number densities and obtaining results are presented in Table 2 ). Models 1 and 2 are essentially the same except for that the positive helium ions (He + ) in the LISM and alpha particles (He ++ ) in the solar wind are taken into account in Model 1. In this case, the charged plasma component is described in the global model in the frame of the one-fluid approximation. This means that the classical MHD equations are adopted for the mixture of LISM protons, electrons and helium ions and additional continuity equations are solved to obtain the number densities of helium ions and alpha particles (a detailed description of helium ions and alpha particles in the frame of a global model is presented in Izmodenov et al. 2003) . It is seen from Table 2 that Model 1 provides a larger angle of deflection than Model 2. Thus, interstellar helium ions lead to an increase of hydrogen deflection. This fact can be explained by the following. Basically, charge exchange between primary LISM atoms and protons influences the plasma flow in an opposite way compared with the influence of the IsMF. Namely, the IsMF leads to the deflection of protons, while charge exchange in contrast tends to align the plasma flow, because primary interstellar H atoms have a bulk velocity directed along the Z-axis and hence, during charge exchange, plasma flows obtain additional momentum along the Zaxis. Therefore, more intensive charge exchange should lead to a less deflected plasma flow. Including the LISM helium ions leads to a decrease of the relative efficiency of charge exchange between LISM protons and H atoms, because the plasma in this case is a mixture of protons, electrons and helium ions described as a Table 2 . Now let us consider the results of Models 3-5. Model 3 leads to approximately the same result as Model 2, hence small variations of the hydrogen number density in the LISM do not change the direction of H flow in the heliosphere. We see from comparison of the results of Models 3-5 that the increase of LISM proton number density leads to a corresponding increase in hydrogen deflection in the heliosphere. This result is clear, because a larger proton number density leads to a larger number of charge exchanges and hence a larger number of deflected secondary H atoms. Therefore, the average H flow direction inside the heliosphere becomes more deflected, due to the larger portion of secondary atoms.
Generally, it is seen from Table 2 that the LISM number densities of protons and helium ions have sufficiently strong influence on the hydrogen deflection in the heliosphere. Moreover, both ecliptic latitude and longitude of the H flow depend on the LISM parameters. This means that, for analysis of the H flow direction inside the heliosphere, one needs to take into account not only the IsMF but also the number densities of LISM protons and helium ions. Thus, a second possible reason for the difference in ecliptic longitude of the H flow between our standard model results and the SWAN data in 1996 (see Fig. 4 ) may be related to the number densities of the LISM protons and helium ions assumed in the model.
C O N C L U S I O N
In this article, we have investigated theoretically the deflection of interstellar hydrogen flow in the heliosphere that can be obtained from line shifts of backscattered solar Lyman α radiation. We study the influence of different factors on the average direction of H flow, such as solar activity, non-Maxwellian effects in the interstellar hydrogen distribution after crossing the heliospheric interface, the position of the observer and the number densities of protons and helium ions in the LISM. It is shown that, during the solar cycle, the ecliptic latitude of the H flow direction changes by about 1.
• 2 due to variations of solar radiation pressure and ionization rate, while the ecliptic longitude remains approximately the same. Calculations show that a simplified kinetic model of the hydrogen distribution with Maxwellian boundary conditions at 90 au leads to overestimation of the ecliptic latitude and angle of deflection of interstellar H flow by about 0.
• 7 compared with the results of the full model with non-Maxwellian boundary conditions. The position (longitude) of the observer in the ecliptic plane influences the longitude (variations are about 2
• ) and latitude (variations are about 1 • ) of the H flow direction. Also, the numerical simulations show that the deflection of the hydrogen flow relative to the original direction of the interstellar wind depends on the number densities of protons and helium ions in the LISM and varies from 2
• to 5.
• 7. We conclude that deflection of the interstellar hydrogen flow in the heliosphere is potentially a very powerful tool to estimate the IsMF, but in doing this the effects considered in this article need to be taken into account.
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A P P E N D I X A : G L O BA L S E L F -C O N S I S T E N T K I N E T I C -M H D M O D E L O F T H E H E L I O S P H E R I C I N T E R FAC E
In this section, a brief description of the global model of the heliospheric interface is presented. Results of this model (namely the parameters of the primary and secondary interstellar H atoms) at 90 au are used for boundary conditions of the kinetic model of the H distribution in the heliosphere for a major part of the calculations performed for this article (except in Section 4.4).
The model is the stationary fully 3D version of the self-consistent kinetic-MHD heliospheric model developed in Izmodenov et al. (2009) . In this new model, both heliospheric and interstellar magnetic fields are taken into account. Also, heliolatitudinal variations of the solar wind parameters at 1 au are included. The assumed latitudinal dependence is characteristic of solar minimum conditions, with high-speed streams emanating from the solar poles and a low-speed wind from the lower latitudes. Heliolatitudinal variations of the solar wind number density are taken from analysis of SOHO/SWAN data (Lallement et al. 2010; Katushkina et al. 2013) , while heliolatitudinal variations of the solar wind speed are based on measurements of interplanetary scintillations (Sokół et al. 2012) . The solar wind parameters at 1 au in the ecliptic plane are taken from measurements (data base OMNI-2).
The boundary conditions in the LISM are the following: the number density of protons is n p, LISM = 0.04 cm −3 , the number density of H atoms is n H, LISM = 0.14 cm −3 , the velocity of the interstellar wind is V LISM = 26.4 km s −1 and its direction is taken from Ulysses data reported by Witte (2004) , the LISM temperature is T LISM = 6530 K, the IsMF is B LISM = 4.4 µG, the angle between B LISM and V LISM is 20
• and the (B, V ) LISM plane coincides with the hydrogen deflection plane (HDP) proposed first by Lallement et al. (2005) and then slightly corrected in Lallement et al. (2010) . This plane is constructed by two vectors: the vector of the interstellar helium flow obtained from Ulysses data by Witte (2004) Boltzmann's kinetic equation for interstellar H atoms is solved self-consistently with the ideal MHD equations for the charged plasma components. The kinetic equation is solved by an advanced Monte Carlo method with splitting of trajectories (Malama 1991) , while to solve the MHD equation we use a Godunov-type numerical scheme: Harten-Laxvan-Leer Discontinuities (HLLD) (Miyoshi & Kusano 2005 ) with shock-fitting procedure.
A P P E N D I X B : D E P E N D E N C E O F H Y D RO G E N D E F L E C T I O N O N μ, β E, 0 A N D H E L I O L AT I T U D I NA L VA R I AT I O N S O F T H E I O N I Z AT I O N R AT E
In this section, we study in detail how the average direction of hydrogen flow depends on the local parameters of the model (balanced parameter μ, ionization rate at 1 au in the ecliptic plane β E, 0 and heliolatitudinal variations of the ionization rate).
First, let us consider a simplified kinetic model of the hydrogen distribution in the heliosphere, in order to separate different effects. This is a stationary axisymmetric model with constant values of μ and β E, 0 , without heliolatitudinal variations of the ionization rate.
Calculations of the hydrogen distribution and corresponding line shifts of backscattered solar Lyman α radiation are performed for different parameters μ and β E, 0 (as previously, the observer is located at 1 au in the ecliptic plane and its ecliptic longitude is equal to 251.
• 8). For all maps of Lyman α line shifts obtained, we apply the procedure described in Section 3 and find the average direction of H flow in the heliosphere. Ecliptic latitudes of the derived directions are listed in Table B1 ; ecliptic longitudes are approximately the same for all calculations (equal to 251.
• 8 ± 0.
• 3) and are not shown.
It is seen from Table B1 that, for all fixed magnitudes of β E, 0 , the 'opposite' ecliptic latitude of H flow grows with increasing μ. This fact can be explained by the geometry of H atom trajectories and is illustrated in Fig. B1 . It is important that the H flow direction at 90 au has non-zero ecliptic latitude (in the nose part near the Z-axis, the 'opposite' ecliptic latitude is 9.
• 2) and the observer is located at the ecliptic plane (i.e. with latitude zero). Fig. B1 shows a schematic representation of atom trajectories in two cases with μ < 1 and μ > 1. We see from the figure that the 'opposite' ecliptic latitude of the H bulk velocity vector at 1 au is larger in the case with μ > 1 than in the case with μ < 1.
We also see from the results presented in Table B1 that, for a fixed value of μ and increased ionization rate β E, 0 , the 'opposite' ecliptic latitude of H flow increases for μ < 1 and decreases for μ > 1. This is caused by the fact that the distortion of atom trajectories near the Sun due to solar gravitational attraction and radiation pressure is less for larger ionization rates, because atoms become ionized far away from the Sun, where their trajectories are less affected by solar gravitation and radiation. Therefore, more ionization means less curvature of trajectories and hence larger 'opposite' latitude of Table B1 . 'Opposite' ecliptic latitude (β −H ) of H flow direction in the 2D stationary case for different parameters of the model.
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• 59 Figure B1 . Schematic representation of H atom trajectories near the Sun. An observer (shown by the grey point) is located in the ecliptic plane at 1 au, while the hydrogen flow far away from the Sun (at the outer boundary -90 au) is inclined relative to the ecliptic plane (ecliptic latitude of V H is about −10 • ). Two examples of trajectories are shown for μ < 1 (green line marked by '1') and μ > 1 (blue line marked by '2'). V H,1 and V H,2 represent the velocity vectors of atoms at the trajectories considered. The corresponding opposite vectors at the Sun (marked by V −H,1 and V −H,2 ) show the 'opposite' directions of atom velocities; it is seen that the ecliptic latitude of vector V −H,2 is larger than that for vector V −H,1 . This is a qualitative explanation for the results presented in Table B1 , which show that the 'opposite' ecliptic latitude of H flow is larger for larger values of μ. Figure B2 . Two examples of the heliolatitudinal dependence of hydrogen ionization rate at 1 au. The first one, β E, 1 (one sinusoidal maximum), corresponds to solar minimum conditions, while the second one, β E, 2 (two symmetric maxima represented by Maxwellian functions), corresponds to solar maximum conditions. The ionization rate at zero heliolatitude (β E, 0 ) is equal to 7 × 10 −7 s −1 for these plots. H flow in the case with μ < 1 and less 'opposite' latitude of H flow in the case with μ > 1. Now let us study how the heliolatitudinal dependence of the total hydrogen ionization rate influences the ecliptic latitude of the H flow direction obtained from Lyman α line shifts. Calculations are performed in the frame of 3D stationary models with a heliolatitudinal dependence of hydrogen ionization rate and constant magnitude of μ. From analysis of the SOHO/SWAN data on intensities of backscattered Lyman α radiation, we know that there are two kinds of heliolatitudinal dependence of the hydrogen ionization rate: one maximum in the solar equator plane during the minimum of solar activity and two maxima at middle heliolatitudes during the solar maximum. Fig. B2 shows two 'model' examples of the heliolatitudinal dependence of ionization rate. The results of the calculations (namely 'opposite' ecliptic latitude of average H flow direction) obtained by 3D models with these latitudinal variations of ionization rate are presented in Table B2 . The results are shown for different magnitudes of μ, different ionization rates in the ecliptic plane β E, 0 and different heliolatitudinal dependence of the ionization rate. It is seen from Table B2 that for both values of μ considered, one maximum of ionization rate (β E, 1 ) leads to an increase of 'opposite' ecliptic latitude of the H flow direction, while two maxima of ionization rate (β E, 2 ) lead to a decrease of 'opposite' ecliptic latitude of the H flow direction. A qualitative explanation for this result is the following. The first heliolatitudinal dependence of ionization rate leads to more ionization of atoms at low heliolatitudes and less ionization of atoms propagating from the flanks. Hence, in this case more atoms with larger 'opposite' ecliptic latitude can reach the observer, because the 'opposite' H flow direction at 90 au has ecliptic latitude >0. The variations of 'opposite' ecliptic latitude with different functions β E (α HGI ) are 0.
• 5-0.
• 6. We can conclude that any changes in the local model parameters (like μ, β E, 0 and heliolatitudinal variations of ionization rate) influence only the ecliptic latitude of average H flow in the heliosphere and do not matter for ecliptic longitude.
A P P E N D I X C : D E P E N D E N C E O F H Y D RO G E N D E F L E C T I O N O N P O S I T I O N O F T H E O B S E RV E R
In this section, we explore in detail how the average direction of H flow depends on the position of the observer in the ecliptic plane. Here, we present the results of a 2D stationary model of hydrogen distribution in the heliosphere (the same model that is considered in Appendix B) and the observer is located in the 'crosswind-1' direction (i.e. ecliptic longitude ≈ 342
• and θ = 90 • ). Let us recall that previously, in Section 4.3, we found that the ecliptic longitude of H flow is more sensitive to observer's position than ecliptic latitude. Therefore, in this section we consider only the 'opposite' ecliptic longitude of H flow. The results of Section 4.3 in the frame of a full 3D time-dependent model of hydrogen show that in 2001 the 'opposite' ecliptic longitude of H flow (λ −H ) is larger for an observer located in the 'crosswind-1' direction than for an observer Table C1 . Results of 2D stationary model with different μ and β E, 0 (observer is located at 1 au in the 'crosswind-1' direction).
Model parameters
Model results
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• 04 located in the 'upwind' direction. As shown in this Appendix, this situation occurs for the majority of the model parameters, but for some specific cases it may be different.
The results of 2D stationary models with different μ and β E are presented in Table C1 . Before analysis of the results, let us consider Fig. C1 . It is seen from the trajectories that the 'opposite' ecliptic longitude of the average direction of H flow at point B ('crosswind-1' direction) should be larger than that at point A in the case with μ < 1 (see curve '1' and compare vectors V -H, 0 and V -H, 1 ), but it should be smaller than at point A ('upwind' direction) in the case with μ > 1 (see solid curve '2' and compare vectors V -H, 0 and V -H, 2 ). For geometrical reasons, the situation in the 'crosswind-2' direction is the opposite. However, trajectories similar to the solid green curve in Fig. C1 have their perihelion (closest point to the Sun) before they reach point B. This means that the H atoms on these trajectories are ionized intensively by solar wind protons and solar radiation near perihelion and only a small portion of them can reach point B. At the same time, in the case with μ > 1 there is another type of trajectory, shown in Fig. C1 by the dashed green curve (type '3'). These hyperbolic trajectories originate at the outer boundary outside the upwind direction (i.e. the number of such atoms at 90 au is less than the number of atoms passing on standard trajectory type 2), but atoms on trajectory 3 are less ionized than atoms on trajectory 2. This means that, in the case with μ > 1 (this is a common case during the solar cycle), ionization leads to the domination of trajectories of type 3 relative to type 2 and the 'opposite' ecliptic longitude of direction of H flow for trajectories 3 at point B is larger than the ecliptic longitude of average H flow at point A (compare vectors V -H, 3 and V -H, 0 ). Now let us consider Table C1 . Note that for all considered μ and β E , the 'opposite' ecliptic longitude of H flow for an observer located near the 'upwind' direction (at point A) is approximately equal to 251.
• 8 and corresponds to the 'opposite' ecliptic longitude of H flow in the nose part of heliosphere at 90 au. We focus on the 'opposite' ecliptic longitude (λ −H ), because it is more affected by the position of the observer. It is seen from Table C1 that for a small ionization rate (β E = 3.8 × 10 −8 s −1 ), the 'opposite' ecliptic longitude of H flow at point B is larger than at point A in the case with μ < 1 and smaller in the case of μ > 1. This illustrates the classical situation represented by trajectories of types 1 and 2 in Figure C1 . View of the ecliptic plane from the north ecliptic pole. Schematic representation of atom trajectories that reach the 'crosswind-1' and 'crosswind-2' directions in the ecliptic plane. Blue curves (type 1) correspond to the case μ < 1, solid green curves (type 2) correspond to case μ > 1 and the trajectories originated at 90 au in the nose part of the heliosphere, while the dashed green curve (type 3) corresponds to case μ > 1 and the trajectory originating on the flanks of the heliosphere (outside the upwind direction). Velocity vectors of H atoms at 1 au are shown for all cases (e.g. V H,1 etc.) by arrows. The corresponding vectors shown from the Sun are opposite to atom velocity vectors (e.g. V −H,1 is opposite to V H,1 , etc.). It is seen that the 'opposite' ecliptic longitude (λ −H ) of vectors V -H, 1 and V -H, 3 is larger than the ecliptic longitude of V -H, 0 , while the longitude of V -H, 2 is smaller than that of V -H, 0 . Fig. C1 (ionization does not play a large role). In the case of absence of ionization (last row in Table C1 , β E = 0), small μ = 1.2 leads to even less 'opposite' ecliptic longitude of H flow at point B compared with the case with μ = 1.6 and β E = 3.8 × 10 −8 s −1 . However, in the case of quite strong ionization (β E = 3.8 × 10 −7 s −1 ), the situation changes. In this case, the 'opposite' ecliptic longitude of H flow at point B is larger than at point A for μ < 1 and approximately the same as at point A even for large μ > 1. This is an illustration of the effects of ionization described above.
Thus we can conclude that, for the majority of the model parameters (μ and β E ), the 'opposite' ecliptic longitude (λ −H ) of the H flow depends on the position of an observer in the same way as presented in Section 4.3 of this article (i.e. it is larger in the 'crosswind-1' direction and smaller in the 'crosswind-2' direction than in the 'upwind' direction). However, theoretically, in some specific cases with unusual parameters (very small ionization rate and simultaneously high μ > 1) this dependence may be different.
A P P E N D I X D : A N OT H E R M E T H O D O F D E T E R M I NAT I O N O F H Y D RO G E N F L OW D I R E C T I O N AT 9 0 AU F RO M L A L L E M E N T E T A L .
As was mentioned previously, Lallement et al. (2005) used two independent methods for determination of the average direction of H flow in the heliosphere from measurements of backscattered solar Lyman α radiation on board SOHO/SWAN. The first method is considered in this article in detail. Now we are going to present a brief analysis of the second method.
This method is based on the analysis of absorption-cell transmission maps recorded by SOHO/SWAN. The SWAN instrument is equipped with a hydrogen absorption cell, which blocks some fraction of incoming heliospheric Lyman α radiation (for a detailed description of the principles of H absorption cells see Quémerais et al. 1999) . The measured factor is the so-called reduction factor (RF), which is equal to I on /I off , where I on is the Lyman α intensity for an activated H cell and I off is the intensity for a deactivated H cell. The H cell absorbs different parts of the incoming spectrum of backscattered solar Lyman α radiation depending on the relative velocity between the spacecraft and the H flow. For each direction on the sky, the relative velocity is changing due to the spacecraft's motion around the Sun. Therefore, measurements of the RF allow us to analyse the spectral properties of the backscattered radiation. Lallement et al. (2005) suggested calculating maps of the RF in the frame of the theoretical model and fitting the model's parameters far away from the Sun (e.g. at 90 au) to obtain the best agreement with the SWAN data. This allowed them to obtain H flow parameters (velocity vector and temperature) at 90 au. They used a least-squares method for the fitting procedure. The reduction factor is not convenient for the analysis, because it depends on the characteristics of the cell, which change with time due to ageing of the instrument. That is why Lallement et al. (2005) considered in their analysis only directions on the sky where the RF has a minimum. In the ideal case of a homogeneous hydrogen distribution in the heliosphere, locations on the sky with minimum RF form a right circle (called the zero-Doppler shift circle: ZDSC), where the line of sight is perpendicular to the relative velocity vector between the spacecraft and the H flow. Directions of minimum RF mostly depend on the hydrogen velocity vector and do not depend on the H cell characteristics, so this is convenient for the analysis. In reality, the H distribution in the heliosphere is not uniform and ZDSC is not a right circle, but it is still possible to find directions on the sky with minimum RF and analyse them.
Obviously, this method is model-dependent. Lallement et al. (2005) used a quite simple 'classical' hot model that assumes that the H distribution after crossing the heliospheric interface region is a single Maxwellian flow. This model is stationary (i.e. parameters μ and β E do not depend on time) and it is assumed that the latitudinal anisotropy of ionization rate is represented by a sinusoidal law (as was shown in Katushkina et al. 2013 , this approximation can be used during the solar minimum, when the ionization rate has one maximum in the ecliptic plane, but is not appropriate for the solar maximum).
Now we are going to study how the directions on the sky with minimum RF depend on the applied model of H distribution in the heliosphere. We perform calculations of RF for an observer located at 1 au in the ecliptic plane near the 'crosswind-2' direction (its ecliptic longitude is 162
• ). This position of an observer is chosen because in this case the RF has deep minima that can be defined with the high precision. All calculations are performed for 2001 March 3. We consider three latitudinal slices of the sky map, corresponding to β = 0
• , β = 30
• and β = 60
• . Examples of the RF obtained as a function of ecliptic longitude for these three slices are presented in Fig. D1 . We call the two minima of RF for each curve the 'left' minimum (with longitude λ < 180
• ) and the 'right' minimum (with longitude λ > 180
• ). Fig. D2 shows the 'left' and 'right' ecliptic longitudes of minima of RF as functions of ecliptic latitude (we consider only three values of latitude) for the different models of H distribution in the heliosphere. Fig. D2 (a) and (b) illustrate the influence of time-dependent effects on the hydrogen distribution. They present the results of the full 3D time-dependent model (diamonds) and 3D stationary model (crosses) of hydrogen distribution in the heliosphere. It is seen that the 'left' ecliptic longitudes of RF minimum are the same for the two models, while the 'right' longitude is different for λ = 0
• and λ = 60
• . This means that, generally, time-dependent effects may be important for interpretation of the results and application of non-stationary models for the fitting procedure may lead to different hydrogen parameters at 90 au compared with stationary models. of a model with full boundary conditions (3D normal distribution separately for primary and secondary interstellar H atoms with the angular dependence of parameters at 90 au); curves with crosses show the results of a model with two uniform Maxwellian distributions (for the primary and secondary atoms) at 90 au; curves with circles show the results of a model with one Maxwellian distribution (for a mixture of primary and secondary atoms) at 90 au. The last case is the same as was used by Lallement et al. (2005) . The parameters of all boundary distributions are taken from the results of the global self-consistent kinetic-MHD model of the heliospheric interface described in Appendix of this article. It is seen from Fig. D2 (c) and (d) that the results for the three models described are different and the discrepancies are from 1
• -2
• . This means that applying different models for analysis of the SWAN data may lead to slightly different hydrogen directions at 90 au.
Therefore, the results presented in this section demonstrate in particular that the type of boundary conditions for the H velocity distribution function at 90 au influences the direction of the minimum of the RF. Possible uncertainties connected with the method should be estimated in each particular case when the model with Maxwellian boundary conditions is used for data interpretation. This paper has been typeset from a T E X/L A T E X file prepared by the author.
